respectively. The large numbers of top quark pairs allow us to do precise measurements on physical quantities associated with the top quark. Among them are the production cross sections, the top quark mass and the discrete symmetry properties. Due to the QCD uncertainties and the experimental systematic errors, the precision of cross section measurement is only about 5% − 6% [1]. The discrete symmetry properties such as parity nonconservation and CP violation do not suffer from QCD background uncertainty and their accuracies of measurements depends mainly on the statistical errors provided the experimental systematic errors are sufficient small. Therefore the discrete symmetry properties can be measured more precisely than the cross sections. New physics which has no observable contributions to cross section may have observable effects in parity or CP violation. Since the Standard Model(SM) contributions to parity violation [2] and CP violation are small, possible observed large effect of them will reveal new physics. In a previous work [3] , we have shown that the minimal supersymmetric(SUSY)
extension of the standard model (MSSM) [4] gives observable parity violating effects at the Tevatron while its corrections to the production cross section are within the QCD theorectical uncertainties. In this paper, we shall concentrate on the CP violating effects induced by non-standard model interactions. We investigate three kinds of CP violating sources: the supersymmetric CP-odd phase of the stop trilinear soft breaking term:arg(A t ), the CP-odd parameter in two-Higgs doublet extensions of the standard model(2HDM), and the model-independent top quark chromoelectric dipole moment(CEDM), respectively. In the MSSM, CP violation exists in strong interaction and in the 2HDM, CP violation can have strong Yukawa couplings due to the heavy top quark mass. Therefore, both can produce possible large effects. It is also useful to study CP violation in a model-independent way when we do not know what is the new physics. CP violation in top quark pair production at hadron colliders is also studied in Refs. [5] - [14] . In Ref. [7] , SUSY QCD CP violating effects are studied in the gg → tt process by using a charge energy asymmetry observable which is only sensitive to the imaginary part of the loop integrals. In this work, we use the optimal observables as well as naive observables constructed from the final state momenta.
Possible large CP violating effects in 2HDM and the methods of observing them in top quark pair production at hadron colliders are studied in Refs. [6] [12] . We extend those studies by applying optimal observables. In Ref. [8] , the method of extracting real top quark CEDM in the reaction gg → tt is studied. It is found that the optimal observables are particularly effective. We include here an imaginary part of CEDM and the reaction→ tt at the Tevatron. Furthermore, we use the exact amplitudes of gg(qq) → tt → bl
). In Ref. [8] , the top quark spin in its rest frame is taken to be in the direction of the lepton. This is a kind of approximation, althogh the lepton is a good analyzer of the top quark spin, because in the top rest frame, the lepton momentum has the angular distribution proportional to 1 + cos ψ with ψ being the angle between the top spin and the lepton momentum. The possibility of using polarized proton was studied in Ref. [14] .
In Sec II, we describe the models and the calculations. The methods of extracting CP violating effects are given in Sec. III. In Sec IV, we present our results, discussions and conclusions.
II. MODELS AND CALCULATIONS

A. CP violation in MSSM
In the MSSM, two possibilities can induce CP violation in top quark interactions:
the complex phase in Higgs mass parameter µ, and the complex phase in scalar top supersymmetric soft breaking trilinear coupling A t . The experimental limit on the Neutron Electric Diploe Moment(NEDM), d n ≤ 1.1 × 10 −25 e − cm [15] , places a severe constraint on the phase of µ. Therefore, the only significant SUSY CP-odd phase in associate with the top quark is arg(A t ). In Ref. [16] , it is argued that the phase arg(A t ) is not strongly constrained by current experiments and the effects in single top quark production and decay are studied. In this work, we shall assume arg(µ) = 0 and let arg(A t ) to be a free parameter of no a priori constraints.
The parameter arg(A t ) enters in the scalar top quark mixing. The mass eigenstates t 1 andt 2 of scalar top quark are related to the current eigenstatest L andt R bỹ
The mixing angle θ t , phase β t as well as the masses mt 1,2 can be calculated by diagonalizing the following mass matrix [4] 
where θ At = arg(A t ) .
In the presence of squark mixing,the strong squark-quark-gluino interaction Lagrangian is given by
where g s is the strong coupling constant , T a are SU(3) C generators and for top quark a 1 , b 1 , a 2 , b 2 are given by
The above interactions enter in the virtual corrections to the main production processes of tt at hadron colliders:→ tt and gg → tt. There are also weak squark-quarkneutralino and squark-quark-chargino interactions. Since their coupling constants are an order of magnitude smaller than the strong SUSY QCD squark-quark-gluino interaction, we shall not consider them here. However, they may be important when the main processes are weak interactions [16] .
In Fig.1(a) -(e), the Feynman diagrams of the QCD tree level and SUSY QCD virtual corrections of the process→ tt are given. The corresponding Feynman diagrams of gg → tt are presented in Fig.2(a) -(m) (the u-channels of Fig.2 (b) ,(f)-(m) are not depicted). The dashed lines in the loop stand for scalar quarks, while the solid lines for gluinos. In Ref. [7] , CP violating effects are studied using a charge energy asymmetry observable which is only sensitive to the imaginary part of the loop integrals. Therefore, there are no contributions to the charge energy asymmetry from Fig.2 (f)-(j) ,(m).
The one loop scattering amplitudes of→ tt and gg → tt were already presented in Refs. [17] [18] [19] for calculating the total production rates of tt pairs. To calculate the CP violating effects in the tt system, additional renormalized amplitudes are needed. In terms of the tree-level amplitude, M a 0 , and the next-to-leading order SUSY QCD corrections, δM a , the renormalized amplitudes of aā → tt (a = q, g) at the one-loop level may be written as
where δM a can be decomposed into two parts: δM aS which contains even combination of γ 5 and ǫ µνρσ , and δM aA containing odd combination of γ 5 and ǫ µνρσ . The symmetry breaking effects are contained in δM aA which has no contributions to the total cross sections at next-to-leading order, while δM aS will contribute to the total cross sections.
We shall assume that δM aS is small enough to be within the 5% − 6% uncertainty therefore is neglected in our calculations. We also discard terms in δM aA which give only parity asymmetry [3] . Let us denote the momenta of the initial and the final state particles as a(p 4 )ā(p 3 ) → t i (p 2 )t j (p 1 ). We may use, as a further short-hand, the notation for a = q that u i ≡ u(p i ) (v i ≡ v(p i )) denotes the Dirac four-spinor corresponding to the momentum and spin of particle (anti-particle). When a = g we use ǫ i ≡ ǫ(p i ) for the gluon polarization function. In this notation, the tree level amplitude for a = q can be written as
whereŝ is the invariant mass of the tt pair.
The tree level amplitude for a = g is composed of three different production channels(s-,t-,u-channel) as following:
where q = p 2 − p 4 , Γ µ is given in the Appendix A.
To calculate the CP violating effects induced by the SUSY QCD effects, we follow the method presented in Ref. [5] [20] , in which the amplitudes were calculated numerically using the helicity amplitude method. To obtain the renormalized scattering amplitudes, we adopt the dimensional regularization scheme to regulate the ultraviolet divergences and the on-mass-shell renormalization scheme to subtract the divergences [21] .
The SUSY QCD corrections to the scattering amplitude δM aA for a = q arise from the vertex diagram, the box diagram, as well as the crossed-box diagram. The renormalized amplitudes can be written as
where δM qv is the vertex corrections of Fig The results for these separate contributions are,
The form factor D s corresponding to the top quark CEDM and the form factor f DB are given in the Appendix A. The SUSY QCD corrections to the scattering amplitude δM gA of gg → tt can be written as
with
In the above expressions, the superscript t, u stand for t-,u-channel. δM s1 is the
from (l) and δM box3,t from (m). In the following we only give the explicit results of the s-channel (no crossed diagram) and t-channel contributions. The u-channel results can be obtained by the following substitutions:
All s-, t-channel terms in δM
can be written as following according to their Lorentz structures:
where X = s1, s2, self, v1, v2, box1, box2, box3, respectively. The 10 form factors corresponding to each diagram are given in the Appendix A. They are not all independent when we sum over all possible channels. CP-odd property of δM X requires
Those relations are verified by our explicity formula of the form factors. We find that all form factors are proportional to λ CP = 2Im(a 1 b ⋆ 1 ) = sin 2θ t sin β t . The color sum of the amplitude square including the next-to-leading order correction is:
where
B. CP violation in 2HDM
In ordinary 2HDM, there are three neutral physical Higgs bosons, namely two CPeven scalars H, h, one CP-odd pseudoscalar A. CP violation in the scalar potential [22] induces mixing of the CP-even and CP-odd neutral Higgs bosons, thus leading to three physical mass eigenstates |φ j > (j = 1, 2, 3) with no definite CP parity. Their Yukawa couplings to the top quark can be written as(in the notation of [23] )
where G F is the Fermi constant, and
d 2j , d 3j are the matrix elements of a 3×3 orthogonal matrix which describes the mixing of the neutral states [23] . We assume that the two heavier Higgs bosons(j = 2, 3) may be neglected and define a = a 1t ,ã =ã 1t , φ = φ 1 . The strength of CP violation is
The one-loop Feynman diagrams of Higgs boson contributions to the processes→ tt and gg → tt can be represented by 
where Γ φ is the Higgs boson width and f sr 1,2,3 are given in the Appendix A. δM δ is composed of two parts: δM δe , which is CP-even and contains terms of a 2 ,ã 2 ; δM δo , the CP-odd term proportional to aã. We keep the CP-even term because when m φ > 2m t , it may be important. The 8Re(M + 0 δM δ † ) term in the color sum of (23) should be replaced by
We compute Γ φ by using the formula and parameters of Ref. [12] 1 .
C. CP violation from model-independent top quark CEDM
When the particles in the loops are heavy compared to the external particle momenta, it is convenient to describe the loop induced interactions by effective interaction Lagrangian. Even though when the loop masses are not too large, a model-independent study can give us knowledge about the sensitivities of given colliders. That approach is particularly useful when we do not know the underlying new physics. We assume the following additional top-quark-gluon effective interaction:
µν is the the gluon field strength. The coefficient d t is the top quark chromoelectric diploe moment(CEDM) which we assume to have imaginary part as well as real part. We denote it as d We denote the contributions to gg → tt of Fig.3(b) -(e) as δM s , δM b , δM v,t , δM v,u (for the crossed diagrams), respectively. Then we have
can also be written as the form of Eq. (21) with the constant form factors given in the Appendix A.
III. EXTRACTING THE CP VIOLATING EFFECTS
Since δM aA contains odd combination of γ 5 and ǫ µνρσ , its interference with the tree level amplitude will be zero if we sum up all the initial and final state spins or
1 The misprint of Γ Z is corrected.
polarizations. To see the CP violating effects, the spins of at least some of the particles must be identified. Because the initial state spins are difficult to be determined, the helicities of the final tt must be inferred from their decays. If we assume the SM couplings of the top quark to its decay products and set m b = 0, all decay products of the top quark will have left-handed helicities. That means the spin information of the top quark can only be transfered to the momentum correlations among the decay products.
We assume the SM decay of the top quark 2 and apply the narrow width approximations of the top quark and W-boson propagators:
where Y stands for top quark and W-boson, Γ Y is the width of Y The parton level cross section for reaction aā → tt → bl
2 ) can be written as:
where γ = 1 − 4m 2 t /ŝ and
) denotes the solid angle element of l
a is the average amplitude square excluding the top quark and W-boson propagators after the decays of the top quarks:
where 1/S a is the color,spin average factor: S q = 36 and S g = 256. In our calculations, |M| 2 a is easily obtained from the amplitude of aā → tt by the following substitutions:
where g is the weak SU(2) coupling constant. The above expresssions are calculated numerically.
The hadronic cross section is obtained by convoluting (32) with parton distribution functions:
where fp - [28] .
In this study, we adopt the following simple observables which are constructed from observed momenta and can be easily used by experimentists:
where all momenta are in the laboratory frame, E l + (E l − ) is the energy of l + (l − )(l = l 1 = l 2 = e, µ, here we do not distinguish e, µ), the subscripts of the momenta denote the corresponding particles, P is the momentum of the proton in the case of pp collision. A 1 , A 2 , and T 2 are studied in Ref. [12] . f 2 andÔ L are used in Refs.
[ Therefore they are the most effective ones.
In the case of model independent top quark CEDM, 2Re(M a 0 δM aA † ) contains two terms which are proportional tod R t andd I t , respectively. In the MSSM , it depends on the particle masses in the loop as well as a multiplicative constant λ CP . However, since our main goal is to search for CP violation induced by this λ CP , we must assume all the masses in the loop are known. In the 2HDM, from the first term in Eq. (28) which is CP-odd, one can separate a factor γ CP = −aã. Although in the resonant region, contributions of the other three terms ( belonging to higher than next-to-leading order) may be large, they are still overwhelmed by the tree level and the next-to-leading order contributions. As an approximation, we shall drop them in the definitions of the optimal observables. Therefore we can always separate a constant (denote it as λ = λ CP , γ CP ,d Apart from some common factors in (36), the hadronic cross section can be written
where dΦ denotes the phase space. In the following, 2Re(M respectively. The optimal observable is defined as
The above observable depends on the parton distribution functions. It is inconvenient for practical use. In the pp collision, it is not a CP-odd observable due to the asymmetry of quark PDFs (cf. Appendix C). Because at the 2 TeV Tevatron, the main tt production mechanism is→ tt, and at the 14 TeV LHC, the main process is gg → tt, we can neglect one process at each collider. We consider only→ tt at the Tevatron and gg → tt at the LHC in all the following calculations. Then we have the optimal
Since the neglected process consists of only about 10% of the total cross section, Eq. 
Similar situation exists in the study of ττ production in e + e − collision [33] . The above equations give rise up to fourfold solutions(see Appendix B). Considering this ambiguity, we can define a modified optimal observable:
where the sum i is over all possible solutions of the neutrino momenta.
comes from the tt phase space, flux factor and PDFs due to different momentum reconstruction(cf. Eqs. (32) and (36)). There may be possibility that the reconstructed initial parton energy exceeds the proton(antiproton) energy. That kind of reconstruction should be discarded in the calculations. O l also depends on PDFs. For practical use, we define a non-optimal observable as an approximation:
Again the sum i is over all possible solutions of the neutrino momentum 3 .
We now consider that one top quark decays semileptonically and the other hadronically. The missing neutrino momentum can be fully reconstructed [34] . But because we can not distinguish quark and antiquark jet, we still have ambiguity of twofold uncertainty. When two quarks decay all hadronically, there is fourfold uncertainty. We define therefore alternatvely the optimal observables :
where the sum j in O 2 is over the two possible assignments of the jet momenta, and the sum j ′ in O 4 is over the four assignments
The statistical significance of an observable O can be described by the signal to noise ratio r defined as
where < O >,< O 2 > are the expectation value of O, O 2 , respectively:
It is interesting to note that for the optimal observables and unit λ, we always have < O >=< O 2 >. Care must be taken in calculating the r of A 2 . Because A 2 is the difference of two observables (Ot and O t ) which are calculated using different events(i.e. different independent distribution functions), we have < A 
To reduce the statistical errors, one can combine the measured results of the three decay modes:leptonic-leptonic, leptonic-hadronic and hadronic-hadronic modes [15] . Assuming their corresponding number of events are N ll ,N jl and N jj , respectively, then we can define a combined signal to noise ratio:
where r 1 , r 2 and r 3 are the signal to noise ratios of the observables which use leptonicleptonic, leptonic-hadronic and hadronic-hadronic events, respectively. N = N ll +N jl + N jj is the total number of events of the three modes. Note that r c depends only on the ratios N ll /N, N jl /N and N jj /N, not on N. The signal is detectable at 1σ level when
IV. NUMERICAL RESULTS AND CONCLUSIONS
We first check our calculations with QCD gauge invariance in the process gg → tt.
That can be done by replacing ǫ 3 , ǫ 4 with p 3 , p 4 . We find that the correction amplitude is consistent with gauge invariance. Then we check our calculations with known results in the literature. Our parton level results are all in agreement with Refs. [7] [12]. By using √ s = 40 TeV, m t = 160 GeV and 10 7 sample of leptonic events, we find the O 1 limit on d R t is 2.8 × 10 −20 cm g s which is very close to λ min in Ref. [8] . That means that taking the top quark spin in its rest frame to be in the direction of lepton momentum is feasible. We can also reproduce the results ofÔ L in Ref. [11] with µ ′ t = 0 by including both→ tt and gg → tt processes in the calculations.
As mentioned previously, in the following calculations, we consider only→ tt at the Tevatron and gg → tt at the LHC. The parton distribution functions of MRS set A' [35] with scale Q 2 = m 2 t are used 4 . m t is take to be 176 GeV. To look at the largest possible effects, we set the CP-violating parameters λ CP and γ CP to be of order 1, namely, λ CP = 1(this needs θ t = π/4, cf. Appendix A), γ CP = 1. In the MSSM and 2HDM, we treat the SUSY particle masses and Higgs boson mass as free parameters allowed by current experiments. We assume that all the squarks except for the light stopt 1 to be degenerate. The light stop mass is required to be above 50 GeV [37] . We choose gluino mass mg and Higgs boson mass ≥ 100 GeV. The signal to noise ratio results at the 2 TeV pp Tevatron and at the 14 TeV pp LHC are summarized in Table I.-Table V . We do not present the results for 2HDM at the Tevatron because the effects are too small unless the Higgs boson mass is less than 100 GeV. We denote the signal to noise ratio r of an observable O as r(O). Table I. shows the results at the Tevatron from five sets of SUSY parameters. We see that the naive observables have signal to noise ratios all ≤ 1%. It is difficult to observe such small effects at the Tevatron. The optimal observables, on the other hand, have r ≥ 1% as long as the gluino mass is around 200 GeV 5 . They are about 4 It should be noted that all the results are insensitive to the PDF and Q 2 choices. CTEQ4M [36] gives similar results. 5 The value is close to m t , so that the gluino threshold is close to the top quark one. The Table  I . However, at the LHC, the numbers of events are much larger than those at the Tevatron. With 150 f b −1 integrated luminosity, we can assume N jj = 10 7 , N jl = 6 × 10 6 and N ll = 10 6 . We further assume the experimental systematic errors are below the statistical ones. In addition, there are also theoretical uncertainties coming from possible non-CP violating contaminations at the pp LHC. Because the initial pp state is not a CP eigenstate, CP conserving interactions can produce CP asymmetry effects in tt final state. We present a general analysis of the contaminations to the Lorentz invariant observables in Appendix C. We find that within the framework of parton model, there are no contaminations to these observables. A 1 , A 2 and T 2 are discussed in Refs. [6] [12]. They are well below the signals. Therefore, the 1 σ level errors are r jj = 0.32 × 10 −3 , r jl = 0.41 × 10 −3 , r ll = 1.0 × 10 −3 . The combined error is 0.24 × 10 −3 . The naive observable T 2 is on the margin to be detectable. A 1 and f 2 are better than T 2 . They can be used to observe λ CP at few ×10 −1 when mg is within the range 100 − 400 GeV. The observable O ′ l is 2-5 times better. All r(O 2 ) ≥ 10 r jl and r(O 4 ) ≥ 10 r jj for mg ∼ 100 − 300 GeV. We can pin down λ CP to 10 −1 by using these optimal observables. In Table III ., we give the results of signal to noise ratios in 2HDM at the LHC. It is obvious that A 1 and T 2 are only detectable and can not be used to put limit on γ CP . f 2 is 2 times better which may be used to limit γ CP to (3 − 4) × 10 −1 . All the optimal CP violating effects are large due to the threshold effects.
observables have r large than about 10 times statistical errors. Therefore, they will put a limit of order 10 −1 on γ CP . Signal to noise ratio r in pp → tt + X at the 2 TeV Tevatron in the MSSM with λ CP = 1, for five sets of SUSY parameters labeled by (mt 1 , mt 2 = mq, mg) GeV. The combined results are for O ′ l , O 2 and O 4 .
O 4 combined (100,500,100) 0.25% −0.23% −0.16% −0.16% 0.82% 0.79% 0.62% 0.45% 0.54% (100,500,200) 0.59% −0.42% 0.08% 0.12% 1.82% 1.73% 1.41% 1.04% 1.18% (100,500,300) 0.12% −0.17% 0.13% 0.11% 0.78% 0.74% 0.56% 0.40% 0.49% (50,500,200) 0.80% −0.58% 0.08% 0.14% 2.49% 2.37% 1.93% 1.43% 1.69% (100,1000,200) 0.58% −0.42% 0.11% 0.15% 1.77% 1.68% 1.36% 1.01% 1.19% Signal to noise ratio r in pp → tt + X at the LHC in the MSSM with λ CP = 1, for six sets of SUSY parameters labeled by (mt 1 , mt 2 , mg) GeV. The combined results are for Signal to noise ratio r in pp → tt + X at the LHC in the 2HDM with γ CP = 1. The combined results are for The same as Table IV ., but for d 
The above D functions have the arguments (−p 2 , p 4 , p 3 , mt j , mg, mg, mg).
The above D functions have the arguments (−p 2 , p 4 , p 3 , mg, mt j , mt j , mt j ). 
The above D functions have the arguments (−p 2 , p 4 , −p 1 , mt j , mg, mg, mt j ).
In the above, the color factors F 1 = 3 2 , F 2 = − 1 6 , and λ CP = 2Im(a 1 b ⋆ 1 ) = sin 2θ t sin β t .
The form factors of 2HDM can be obtained from those of MSSM by setting j = 1 , F 1 = 1 , F 2 = 0 , f DB = f s2 n = 0 , and the following substitutions:
mg → m t , mt 1 → m φ 1 ,
Inserting the above expressions into E 2 = X 2 + Y 2 + Z 2 , and
we get the following two quadratic equations for Z, Z ′ :
with 
